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Introduction {#sec001}
============

Synthetic biology is an interdisciplinary field that relies on biologists, engineers, mathematicians, and others to create novel biological systems by engineering and interchanging genetic parts derived from nature \[[@pone.0232046.ref001],[@pone.0232046.ref002]\]. This has led to advancements of various fields in medicine, molecular biology, and biotechnology. The ability to construct and analyze these systems has increased due to the availability of gene regulatory tools. Previous work has shown that these tools have the ability to regulate different steps of gene expression, including transcription \[[@pone.0232046.ref003]\], mRNA processing and stability \[[@pone.0232046.ref004]\], translation \[[@pone.0232046.ref005]\], and protein synthesis/stability \[[@pone.0232046.ref006]\]. This ability has been particularly useful in the construction of synthetic gene circuits, such as counting devices \[[@pone.0232046.ref007]\], patterning devices \[[@pone.0232046.ref008]\], toggle switches \[[@pone.0232046.ref009]\], and gene oscillators \[[@pone.0232046.ref010]\], as well as the production of novel drugs, therapeutics, and biofuels.

While gene regulatory tools have been developed for various model systems, the development of these tools in eukaryotic systems has been outpaced by those developed in single-celled systems like bacteria and yeast. Initially, the development of gene regulatory tools in eukaryotic systems had been focused on transcriptional control \[[@pone.0232046.ref001]\]. The tools to regulate transcription include the use of naturally-occurring (e.g. LacI, TetR, Gal4) and synthetic (e.g. zinc fingers, transcription activator-like effectors) transcription factors that have the ability to activate or inhibit gene expression \[[@pone.0232046.ref011]--[@pone.0232046.ref016]\]. Later, other methods of gene regulation have been developed to control translation (upstream open reading frames (uORFs), microRNAs, aptamers) and protein turnover \[[@pone.0232046.ref017]--[@pone.0232046.ref023]\]. More recently, clustered regularly interspaced short palindromic repeats (CRISPR) nucleases have been repurposed to act as synthetic transcription factors that have the ability to target virtually any gene of interest \[[@pone.0232046.ref024],[@pone.0232046.ref025]\]. Even with these tools available, more powerful tools are needed to precisely control gene expression within eukaryotic systems.

One promising gene regulatory tool that has the potential to fine-tune gene expression are self-cleaving ribozymes, which are natural RNA structures that are able to catalyze their own cleavage \[[@pone.0232046.ref026]\]. When inserted into a transcript, these ribozymes reduce protein levels through self-cleavage and subsequent RNA degradation (**[Fig 1](#pone.0232046.g001){ref-type="fig"}**). Previous work has shown that inserting ribozymes in various loci of an mRNA transcript can disrupt mRNA stability within bacteria, yeast, and mammalian cells \[[@pone.0232046.ref004],[@pone.0232046.ref027],[@pone.0232046.ref028]\]. Previous work in bacteria has also shown that the insertion of sequences flanking a ribozyme and ribosome binding site can alter the ribozyme's cleavage activity \[[@pone.0232046.ref029]\]. Here, we used Mfold to engineer a set of genetic tools based on self-cleaving ribozymes that can be used to regulate gene expression in eukaryotic systems. By combining ribozymes with upstream competing sequences that have the potential to base-pair with a major stem of the ribozyme and prevent ribozyme self-cleavage (**[Fig 1B](#pone.0232046.g001){ref-type="fig"}**), we show that gene expression can be tuned in two model systems. We initially show that these tools can tune expression of a fluorescent reporter in HEK293T cells, and then we implemented the ribozyme constructs in *Drosophila* embryos. While we observed that these tools were able to modulate gene expression in two model systems, there was a lack of correlation between RNA secondary structure prediction algorithms and the experimental data. Together, these results show that self-cleaving ribozymes combined with upstream competing sequences can modulate gene expression in eukaryotic systems, and that other factors, besides ribozyme self-cleavage and base-pair interactions, influence gene expression.

![Gene regulatory tools based on self-cleaving ribozymes.\
**(A)** Inserting self-cleaving ribozymes in the 3′ untranslated region of a gene leads to cleavage (red arrow) and subsequent mRNA transcript destabilization/decay and inhibition of protein synthesis. **(B)** Conceptual design of tunable self-cleaving ribozymes. A competing sequence (blue) is placed directly upstream of the ribozyme (orange). Base-pairing of the competing sequence with a part of the ribozyme stem prevents ribozyme self-cleavage. The ribozyme is flanked by insulating sequences (gray) to aid in preventing base-pairing interactions between the ribozyme and other sequences in the 3′ untranslated region. **(C)** Schematic of the constructs used to test the ribozyme constructs in mammalian cells and *Drosophila*. We placed the ribozyme (orange) either in the 5′ or 3′ untranslated region of the reporter genes used (green). **(D)** List of the competing sequences used in this study, along with their labels used in **Figs [2](#pone.0232046.g002){ref-type="fig"} and [3](#pone.0232046.g003){ref-type="fig"}**. Also listed are the predicted free energy differences between the minimal free energy structures of ribozymes in a cleavable and non-cleavable conformation for each competing sequence derived from Mfold and Sfold. Note that R0 indicates a self-cleaving ribozyme lacking competing sequence.](pone.0232046.g001){#pone.0232046.g001}

Materials and methods {#sec002}
=====================

Strains, plasmids, oligonucleotides, and fly lines {#sec003}
--------------------------------------------------

All strains, plasmids, oligos, gBlocks, and fly lines used in this work can be found in **[S1 File](#pone.0232046.s008){ref-type="supplementary-material"}**. All PCR amplifications were performed using Q5 Hot Start High-Fidelity 2X Master Mix (NEB, Cat: M0494S) unless specified. All fly lines were generated using site-specific PhiC31-mediated insertion from Genetivision.

We used the pcDNA3.1^(+)^ mammalian expression vector (Thermo Fisher, Cat: V79020) for expression of GFP in HEK293T cells. For this study we used the hammerhead self-cleaving ribozyme from *Schistosoma mansoni* as it has been associated with high catalytic activity *in vitro* and *in vivo* \[[@pone.0232046.ref029],[@pone.0232046.ref030]\]. We first built the active ribozyme constructs by first PCR amplifying GFP and inserting it into the NotI and PstI sites of pCB1180. The inactive ribozyme constructs were built by creating a single point mutation that abolishes catalytic activity of the ribozyme \[[@pone.0232046.ref031]\]. Then, annealed and phosphorylated oligos containing the inactive and active ribozymes were inserted into the XhoI and NotI sites, located in the 5′ untranslated region, to make pCB1134/1135. To insert these ribozyme-GFP sequences into pcDNA3.1^(+)^, we PCR amplified the ribozyme-GFP sequence from pCB1134/1135 and inserted it into the HindIII and XbaI restriction sites in pcDNA3.1^(+)^ to create pCB1136/1137. The upstream competing sequences were inserted into pCB1136/1137 by linearizing the plasmids with EcoRI and XhoI and then ligating with annealed and phosphorylated oligos containing the competing sequences of interest (**[Fig 1D](#pone.0232046.g001){ref-type="fig"}**). For insertion of the ribozyme/upstream competing sequences in the 3′ untranslated region of GFP, the ribozyme/upstream competing sequences were PCR amplified from the previously built 5′ untranslated region constructs and inserted into the XbaI site of pCB1133.

We used the pUAST-attB *Drosophila* expression vector (Drosophila Genomics Resource Center, Cat: 1419) for creating the transgenic fly lines containing the *lacZ* reporter. To generate the ribozyme constructs, we first removed the UAS-hsp70 sequence using the HindIII and KpnI restriction sites and added the hunchback (hb) proximal enhancer (hbpe), the eve minimal promoter, and the *lacZ* reporter to create pCB1181. Expressing *lacZ* from the hbpe creates a well-established domain of *hb* to easily study the effects from the self-cleaving ribozymes \[[@pone.0232046.ref032]--[@pone.0232046.ref034]\]. For the insertion of the self-cleaving ribozymes into the 5′ and 3′ untranslated region of *lacZ*, the StuI and KpnI restriction sites of pCB1181 were used, respectively. To insert the upstream competing sequences, both the EcoRI and AvrII sites were added upstream of the ribozyme sequence for ligation with annealed and phosphorylated oligos containing the competing sequences of interest.

Predicting secondary structures of self-cleaving ribozymes/upstream competing sequences {#sec004}
---------------------------------------------------------------------------------------

The online tools Mfold and Sfold were used to predict the minimal free energy (MFE) structure of each ribozyme construct investigated in this work \[[@pone.0232046.ref035],[@pone.0232046.ref036]\] using default settings. We extracted the ΔG of the structures associated with the lowest free energy of a ribozyme in a cleavable and non-cleavable conformation. The ΔG of each upstream competing sequence was calculated as the difference between the ΔG of the cleaved and non-cleaved structures. See **[S1 Fig](#pone.0232046.s001){ref-type="supplementary-material"}** for a representative secondary structure of ribozymes in a cleaving or non-cleaving conformation.

Transient transfections of pcDNA3.1^(+)^-ribozyme constructs {#sec005}
------------------------------------------------------------

Transfection-grade DNA was prepared using the QIAGEN Plasmid Mini Kit (QIAGEN, Cat: 12125). One day prior to the transient transfections, HEK239T cells were seeded onto either 35mm or 24-well plates with complete media (Dulbecco's Modified Eagle Medium (Invitrogen, Cat: 11965--092) supplemented with 10% fetal bovine serum (Invitrogen, Cat: A3840001)). Each pcDNA3.1^(+)^-ribozyme construct was transiently transfected using FuGeneHD (Promega, Cat: E2311). Cells were then incubated for 48 hours prior to preparing the cells for flow cytometry. See **[S1 Table](#pone.0232046.s006){ref-type="supplementary-material"}** for details of the transient transfections performed using each plate format.

Flow cytometry analysis of transiently transfected HEK293T cells {#sec006}
----------------------------------------------------------------

We trypsinized the transiently transfected HEK293T cells using trypsin-EDTA (Thermo Fisher, Cat: 25200056) and resuspended them in 500mL 1xPBS (Fisher Scientific, Cat: MT21040CV). The cells were analyzed for fluorescence using the Accuri C6 Flow Cytometer with CFlow plate sampler (Becton Dickinson). The events were gated based on the forward scatter and side scatter, with fluorescence measured in FL2-H, using the 533/30 filter, from at least 10,000 gated events. The fold-reduction of GFP was calculated as the ratio of the average per cell fluorescence values for the cells transfected with an inactive ribozyme with a specific competing sequence over that of an active ribozyme with the same competing sequence.

Fluorescent *in situ* hybridization (FISH) of *Drosophila* embryos {#sec007}
------------------------------------------------------------------

All embryos were aged to 2--4 hours from laying and then fixed using 37% formaldehyde following standard protocols \[[@pone.0232046.ref037]\]. FISH was combined with fluorescent immunostaining following standard protocols \[[@pone.0232046.ref037]\]. Briefly, fixed embryos were washed in 1xPBS buffer supplemented with 0.05% Tween-20, and then hybridized with a fluorescein (ftc)-conjugated anti-sense *lacZ* probe at 55°C. The embryos were washed and incubated with the rabbit anti-histone (Abcam, Cat: ab1791) (1:10,000 dilution) and goat anti-ftc (Rockland, Cat: 600-101-096) (1:5,000 dilution) primary antibodies overnight at 4°C. Embryos were then washed and incubated for 1.5 hours with fluorescent donkey anti-rabbit-546 (Invitrogen, Cat: A10040) (1:500 dilution) and donkey anti-goat-647 (Invitrogen, Cat: A21447) (1:500 dilution) secondary antibodies at room temperature. Finally, the embryos were washed and stored in 70% glycerol at -20°C prior to being imaged. All prepared embryos were imaged within two weeks of protocol completion.

Imaging and image analyses of *Drosophila* embryos {#sec008}
--------------------------------------------------

To reduce variability from the fluorescence measurements, the intensity output of the 488 nm laser was used for laser calibration prior to embryo imaging \[[@pone.0232046.ref038]\]. The calibration was performed by measuring the intensity of the 488 nm laser through the transmitted light channel giving us the output strength of the laser. This allowed us to compensate for potential variability of laser strength between imaging sessions. The prepared embryos were mounted laterally using 70% glycerol using two pieces of double-sided tape. A Zeiss LSM 710 microscope was used to acquire 15--25 z-slices 45--60 μm apart at 40x magnification.

Using Fiji, the z-max intensity projection for each embryo was measured for its fluorescence intensity. The *hb* expression domain was used as the cutoff for signal, as the expression profile of *lacZ* should match the endogenous *hb* expression pattern due to expression from its enhancer (hbpe). The fluorescent signal was obtained by measuring the intensity from the anterior pole to the edge of *hb* domain using the tools available in Fiji. After measuring signal, background noise was measured as the intensity outside of the *hb* expression pattern. The fold-reduction of *lacZ* was calculated as the ratio of the average fluorescence of the embryos with an inactive ribozyme with a specific competing sequence over the average fluorescence of an active ribozyme with the same competing sequence. Refer to **[S2 File](#pone.0232046.s009){ref-type="supplementary-material"}** for an in-depth protocol.

Using the same embryos, the width of the *lacZ* gradient was compared with the active and inactive ribozyme constructs. For this analysis, we used a supervised MATLAB script to first locate and orient the embryo, and then shape the embryos' periphery boundary. We then measured the fluorescence of the embryo across the anterior-posterior axis (see supplementary material for MATLAB scripts). To measure the distance from the anterior pole to the boundary of the *lacZ* domain, we selected three points along the y-axis and extracted the width corresponding to 50% loss of the maximum intensity. We selected three different y-values to account for asymmetrical *lacZ* gradients (**[S3 Fig](#pone.0232046.s003){ref-type="supplementary-material"}**). The median of the three values was used to represent the measurement of the *lacZ* gradient.

Results {#sec009}
=======

Designing self-cleaving ribozymes containing tunable upstream competing sequences {#sec010}
---------------------------------------------------------------------------------

For this study, we used the hammerhead self-cleaving ribozyme from *Schistosoma mansoni* (**[Fig 1](#pone.0232046.g001){ref-type="fig"}**) as it has shown high activity *in vitro* and *in vivo* \[[@pone.0232046.ref029],[@pone.0232046.ref030]\]. Though these ribozyme constructs can be placed in various locations within a transcript, we chose to test two specific locations: the 5′ and 3′ untranslated region of the reporter genes tested (**[Fig 1C](#pone.0232046.g001){ref-type="fig"}**). The competing sequences were placed upstream of the ribozyme to ensure that transcription of the ribozyme before the competing sequence did not result in self-cleavage prior to the transcription of the competing sequence. Insulating sequences were flanked upstream of the ribozyme/competing sequence to limit ribozyme misfolding due to flanking sequences (**[Fig 1B](#pone.0232046.g001){ref-type="fig"}**). Finally, we designed the competing sequences using Mfold \[[@pone.0232046.ref035]\] to obtain a set of sequences that were associated with varying levels of predicted folded and misfolded ribozyme structures (**[Fig 1D](#pone.0232046.g001){ref-type="fig"}**). Each competing sequence varied in sequence length and composition and were associated with different propensities to base-pair with the stem of the ribozyme. Finally, each competing sequence lacked a start codon to prevent premature translation initiation.

Self-cleaving ribozymes combined with upstream competing sequences can modulate gene expression in mammalian cells {#sec011}
------------------------------------------------------------------------------------------------------------------

We first sought to test these ribozyme constructs in a mammalian system. To this end, we tested the ribozyme constructs in HEK293T cells. We inserted the self-cleaving ribozymes and 10 different upstream competing sequences in the 5′ or the 3′ untranslated region of GFP to observe how various sequence configurations impacted reporter gene expression (**[Fig 2](#pone.0232046.g002){ref-type="fig"}**). For each ribozyme/competing sequence tested, we used an inactive ribozyme with the same competing sequence to act as a control. As the inactive and active ribozymes only differ by a single point mutation \[[@pone.0232046.ref031]\], the overall structure of the ribozyme was preserved (**[S4 Fig](#pone.0232046.s004){ref-type="supplementary-material"}**). After transiently transfecting these reporter constructs, the fluorescence of the cells was analyzed by flow cytometry analysis. We found that these ribozyme constructs were able to reduce expression of GFP in HEK293T cells, with fluorescence generally being associated in a bimodal distribution (untransfected cells and cells associated with varying GFP levels) (**[S2 Fig](#pone.0232046.s002){ref-type="supplementary-material"}**). When located in the 5′ untranslated region, the ribozymes/upstream competing sequences generally resulted in greater range of fold-reduction levels compared to when located in the 3′ untranslated region (**[Fig 2A](#pone.0232046.g002){ref-type="fig"}, [S2 Table](#pone.0232046.s007){ref-type="supplementary-material"}**).

![Self-cleaving ribozymes can tune gene expression in mammalian cells.\
**(A)** The average per cell fold-reduction of GFP observed from the flow cytometry analysis for various competing sequences used in the 3′ (yellow) and 5′ untranslated region (blue). The constructs were transiently transfected and incubated for 48 hours at 37°C. After incubation, the cells were trypsinized and resuspended in 1xPBS for flow cytometry analysis. **(B)** Comparison of the fold-change of GFP expression when a competing sequence is inserted in the 3′ (yellow) or 5′ untranslated region (blue) of the transcript. These values were calculated as the ratio of the average per cell fluorescence associated with an inactive ribozyme/upstream competing sequence and the inactive ribozyme lacking an upstream competing sequence. A value of one indicates no change in fluorescence compared to the inactive ribozyme with no competing sequences. **(C)** Normalized average of GFP fold-reduction using the data from **Fig 2A and 2B**. This represents the loss of reporter gene expression only due to ribozyme activity. All error bars represent the standard deviation from at least three independent transfections. Note that R0 indicates a self-cleaving ribozyme lacking competing sequence. **(D)** Predicted relationship between the fold-reduction of GFP and the free energy difference between cleavable and non-cleavable ribozyme conformations. Plots in column one and two compare the fold-reduction levels with the free energies calculated from Mfold and Sfold, respectively. The first and second rows represent the fold-reduction data (**Fig 2A**) and the normalized fold-reduction data (**Fig 2C**), respectively.](pone.0232046.g002){#pone.0232046.g002}

As the GFP fold-reduction levels between the 5′ and 3′ untranslated region constructs were variable, we wanted to assess the effect of competing sequence insertion on GFP expression. Due to prior work showing that the formation of secondary structures strongly effects transcript stability \[[@pone.0232046.ref039]\], we compared the fluorescence of the cells transiently transfected with ribozyme constructs containing an inactive ribozyme lacking an upstream competing sequence to that of inactive ribozymes containing an upstream competing sequence (**[Fig 2B](#pone.0232046.g002){ref-type="fig"}**). We chose to use the inactive ribozyme lacking a competing sequence as the control over a plasmid only containing GFP as their fluorescence levels were similar (results not shown). While the loss of GFP expression was fairly consistent for the constructs containing inactive ribozymes with competing sequences in the 3′ untranslated region (\~20--40% loss of GFP expression), GFP expression loss was more noticeable when the inactive ribozyme/competing sequences were placed in the 5′ untranslated region. When placed in the 5′ untranslated region, the loss of gene expression ranged from negligible loss (e.g. R2, R6) to \~70% loss (e.g. R8) (**[Fig 2B](#pone.0232046.g002){ref-type="fig"}**). Interestingly, the insertion of some upstream competing sequences resulted in increased expression of GFP (e.g. R3, R4). We then accounted for the loss of gene expression due to the insertion of a competing sequence by normalizing the fold-reduction data from **[Fig 2A](#pone.0232046.g002){ref-type="fig"}** using the data from **[Fig 2B](#pone.0232046.g002){ref-type="fig"}** (**[Fig 2C](#pone.0232046.g002){ref-type="fig"}**). While this generally resulted in less fold-reduction of each construct, a wide dynamic range was generally maintained, from almost no fold-reduction to \~25-fold-reduction of GFP.

After obtaining the experimental data, we then sought to gain insight into the relationship between the fold-reduction of gene expression and the predicted energies of misfolding. To this end, we compared the GFP fold-reduction levels with the predicted free energy differences obtained from Mfold. To obtain these values, the difference between the ΔG associated with the MFE structure of a ribozyme in a cleavable conformation and the ΔG associated with the MFE in a non-cleavable conformation was calculated (**[S1 Fig](#pone.0232046.s001){ref-type="supplementary-material"}**). While the experimental data from HEK293T cells showed a wide dynamic range of fold-reduction levels, there was a lack of correlation between the experimental data and predicted free energy differences (**[Fig 2D](#pone.0232046.g002){ref-type="fig"}**). We then sought to use a different RNA predictive folding algorithm to see if it could better correlate the fold-reduction of gene expression to predicted free energies. Thus, we used Sfold to compare MFE's to the GFP fold-reduction \[[@pone.0232046.ref036]\]. Similar to Mfold, there was a lack of correlation between the experimental fold-reductions to the predicted free energies (**[Fig 2D](#pone.0232046.g002){ref-type="fig"}**). The lack of a correlation indicates the presence of external factors that influence ribozyme self-cleavage, thus currently making this approach non-predictive. Even so, our data show that ribozyme/upstream competing sequences can be used to tune gene expression in mammalian cells.

Self-cleaving ribozymes/upstream competing sequences can modulate gene expression in *Drosophila* {#sec012}
-------------------------------------------------------------------------------------------------

As a proof-of-concept, we next wanted to test these tools in a multicellular system. We chose to work with *Drosophila* embryos as we have previously used this system to study synthetic networks \[[@pone.0232046.ref040]\]. Thus, we generated transgenic fly lines carrying these ribozyme constructs. We first designed *Drosophila* expression vectors containing the *lacZ* reporter expressed from the hunchback proximal enhancer (hbpe). This enhancer results in an expression pattern similar to endogenous *hb*, which has a sharp boundary at roughly 50% anterior-to-posterior (AP) coordinate \[[@pone.0232046.ref032]--[@pone.0232046.ref034]\]. The hbpe drives expression with a boundary at roughly 33% AP coordinate (**[Fig 3A](#pone.0232046.g003){ref-type="fig"}**), which allowed us to quantitatively test these ribozymes *in vivo*. Similar to the work in HEK293T cells, each ribozyme/upstream competing sequence tested were compared to an inactive ribozyme containing the same competing sequence to act as a negative control. Embryos were first hybridized with an antisense *lacZ* probe, then imaged by confocal microscopy. We found that the insertion of ribozyme/competing sequences into a transcript expressing *lacZ* were able to tune *lacZ* expression levels in *Drosophila* embryos (**[Fig 3B--3E](#pone.0232046.g003){ref-type="fig"}**). Unlike with the mammalian cell data, normalizing the fold-reduction data by accounting for the effects of inserting the upstream competing sequences on *lacZ* expression resulted in negligible changes to the measured dynamic range of fold-reduction values (**Figs [2A--2C](#pone.0232046.g002){ref-type="fig"}, [3F and 3G](#pone.0232046.g003){ref-type="fig"}, [S2 Table](#pone.0232046.s007){ref-type="supplementary-material"}**). While the fold-reduction values observed in *Drosophila* were generally less than those observed in HEK293T cells, the correlation of fold-reduction values, compared to the work in mammalian cells, remained the same (i.e. R0 \> R1 \> R7) and maintained a high dynamic range (\~2--14 fold-reduction of *lacZ*).

![Self-cleaving ribozymes can tune gene expression in *Drosophila* embryos.\
**(A)** Depiction of the ribozyme constructs and its expression domain in *Drosophila* embryos. The domain of *lacZ* is similar to the endogenous *hunchback* (*hb*) gradient due to the hunchback proximal enhancer (hbpe). During early development, *hb* is strongly expressed in the anterior of the embryo. **(B-E)** Representative images of *in situ* hybridized *Drosophila* embryos probed for *lacZ*. Each embryo imaged expresses *lacZ* under the control of the hbpe and contains an inactive **(B/D)** or active **(C/E)** ribozyme. Red triangles represent the width of the *lacZ* gradient. **(F)** The average fold-reduction of *lacZ* expression across fly lines associated with various competing sequences. Embryos were collected from transgenic fly lines constitutively expressing *lacZ from* the hbpe containing a ribozyme sequence in the 3′ (yellow) or 5′ untranslated region (blue) and prepared for image analysis. Images were acquired using a Zeiss LSM710 confocal microscope. **(G)** Fold-change of *lacZ* expression due to effects other than ribozyme activity. A value of 1 indicates no change in fluorescence compared to the inactive ribozyme with no competing sequences. **(H)** Normalized average fold-reduction of *lacZ* using the data from **Fig 3F and 3G**. This represents the reduction of *lacZ* expression solely due to ribozyme activity. All error bars represent the standard deviation from at least 10 embryos. Note that R0 indicates a self-cleaving ribozyme lacking an upstream competing sequence. Also note that fly lines containing the R7 competing sequence in the 3′ untranslated region were not analyzed. **(I)** The average width of the *lacZ* domain for each ribozyme and competing sequence listed.](pone.0232046.g003){#pone.0232046.g003}

Using the same images, we then compared the width of the *lacZ* domain along the anterior-posterior axis (**[S5 Fig](#pone.0232046.s005){ref-type="supplementary-material"}**). We hypothesized that the embryos containing an active ribozyme construct would be associated with a reduced domain width as the expression of *lacZ* would be reduced at locations containing weak fluorescent intensity (i.e. distal to anterior pole). For each ribozyme construct, we observed that the differences in the *lacZ* domain width were small, but noticeable across all constructs. Interestingly, only the two strongest ribozymes (i.e. A0-5UTR, A0-3UTR) resulted in a noticeable *lacZ* gradient reduction (**[Fig 3I](#pone.0232046.g003){ref-type="fig"}**), though the average gradient width between active and inactive ribozymes were not statistically different. These results indicate that the *lacZ* domain width did not vary between active and inactive ribozymes regardless of location or competing sequence.

Discussion {#sec013}
==========

In this work, we engineered a set of genetic tools that were able to modulate gene expression in HEK293T cells and *Drosophila* embryos. Inserting the ribozymes in the 5′ untranslated region of the reporter genes yielded a greater range of fold-reduction levels compared to the 3′ untranslated region. However, we observed that insertion of upstream competing sequences resulted in the inhibition of gene expression in the absence of ribozyme self-cleavage. This effect was greater when the ribozyme/competing sequence was located in the 5′ untranslated region (**[Fig 2B](#pone.0232046.g002){ref-type="fig"}**). After normalizing the fold-reduction levels by accounting for the loss of gene expression, we observed that some ribozyme constructs (most notably the 5′ untranslated region constructs) reduced gene expression more weakly compared to that data prior to normalization (**[Fig 2A and 2C](#pone.0232046.g002){ref-type="fig"}, [S2 Table](#pone.0232046.s007){ref-type="supplementary-material"}**). Because this is not entirely in accordance with expectation from ribozyme activity alone, the full reduction levels are provided in [S2 Table](#pone.0232046.s007){ref-type="supplementary-material"}. In general, the ribozymes/upstream competing sequences were observed to reduce gene expression more strongly in HEK293T cells compared to *Drosophila* embryos (**Figs [2](#pone.0232046.g002){ref-type="fig"} and [3](#pone.0232046.g003){ref-type="fig"}**), which has also been observed in recent work \[[@pone.0232046.ref041]\]. This difference could be due to different biological machinery between mammalian and insect models, different experimental assays, or the constructs themselves, as they contain different promoters and reporter genes. Even with the differences in fold-reduction levels between these model systems, these tools maintained a dynamic range of gene expression regulation (\~1--25 in HEK293T cells and \~2--14 in *Drosophila*). Prior work in *E*. *coli* has shown that flanking sequences could be accurately modelled to attenuate ribozyme activity \[[@pone.0232046.ref029]\]. While their engineered tools have shown to correlate well with empirical data, the model used for predictions is quite intensive and was not always predictive. Thus, a more user-friendly approach to predict ribozyme activity is desired. While our experimental data did not correlate well with RNA secondary structure predictions (**[Fig 2D](#pone.0232046.g002){ref-type="fig"}**), we provide a set of gene regulatory tools based on empirical measurements between competing sequences and strength of gene reduction.

Prior to experimental work, we used Mfold \[[@pone.0232046.ref035],[@pone.0232046.ref036]\] to design a set of competing sequences that were associated with a wide range of free energies (**[Fig 1D](#pone.0232046.g001){ref-type="fig"}**). When comparing these predicted free energies to the fold-reduction levels observed in our experimental data (**[Fig 2A and 2C](#pone.0232046.g002){ref-type="fig"}**), we generally observed a weak correlation (**[Fig 2D](#pone.0232046.g002){ref-type="fig"}**). This discrepancy could have been due to a variety of factors. For instance, the insulating sequences, used to prevent interactions between the ribozyme and flanking sequences, could have affected the ability of the competing sequences to base-pair with the ribozyme. While Mfold and Sfold predictions showed minimal interactions between the ribozyme and insulating sequences, the sequences flanking the insulating sequences could have interacted with the competing sequence, ribozyme, and/or the insulating sequence. To prevent variation of gene expression when using these ribozyme constructs, longer insulating sequences can be flanked to both the 5′ and 3′ ends of the ribozyme/upstream competing sequences. This could prevent interactions between the ribozyme or competing sequence with flanking sequences, resulting in fold-reduction levels only from ribozyme self-cleavage. It is also possible that one or more of the competing and/or insulating sequences contain a binding sequence for a native biological factor, such as a transcription factor. While the addition of a recognized sequence is unlikely, novel transcription factors continue to be discovered in eukaryotic systems, including *Drosophila* \[[@pone.0232046.ref042]--[@pone.0232046.ref048]\]. Finally, Mfold and/or Sfold may lack the ability to predict the fold-reduction of gene expression associated with the ribozyme constructs. Recent work has shown that hammerhead ribozymes are associated with varying cleavage activities across different model systems (e.g. mammalian vs. yeast) and experimental setups (e.g. *in vitro* vs. *in vivo*) \[[@pone.0232046.ref041]\], which show that cellular context is likely important for the observed activity. Due to these reasons, current predictive RNA folding algorithms may not be sufficient for accurate secondary structure predictions. Improvements on RNA structure prediction models will allow for a more accurate design of competing sequences.

Conclusions {#sec014}
===========

We developed a set of tools that were able to tune gene expression in HEK293T cells and *Drosophila*. While the free energies obtained from the predictive RNA secondary structure tool did not correlate well with the experimental data, the competing sequences used in this work provide a set of biological tools associated with a dynamic range of fold-reduction levels. Though tested in mammalian and insect systems, these tools should be applicable in other eukaryotic systems, such as *C*. *elegans*, zebrafish, and mice. Previous work has shown that self-cleaving ribozymes are found naturally in these organisms \[[@pone.0232046.ref049]--[@pone.0232046.ref051]\] and have been used for therapeutic applications \[[@pone.0232046.ref004],[@pone.0232046.ref052]\]. These tools will be useful for studies involving synthetic biology, especially for the purposes of building and studying synthetic gene circuits where precise tuning of expression can be critical.

Supporting information {#sec015}
======================

###### Representative figures depicting secondary structures of self-cleaving ribozymes.

**(A)** Self-cleaving ribozyme that lacks a competing sequence in a cleavable conformation. **(B)** Self-cleaving ribozyme that contains a competing sequence in a cleavable conformation. **(C)** Self- cleaving ribozyme that contains a competing sequence in a non-cleavable conformation. The red text indicates the insulating sequence, green text indicates the competing sequence, and black text indicates the ribozyme.
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Click here for additional data file.

###### Flow cytometry data of transiently transfected HEK293T cells.

**(A)** Representative forward and side scatter plot of HEK293T cells transiently transfected with ribozyme constructs. The cell population was gated in green. **(B)** Histograms of transiently transfected HEK293T cells. Plotted are the number of cells at corresponding fluorescent values of untransfected cells (black), cells containing an active ribozyme/competing sequence (red), and cells containing an inactive ribozyme/competing sequence (blue) in the 5′ untranslated region (top row) or 3′ untranslated region (bottom row) of *gfp*.

(PDF)

###### 

Click here for additional data file.

###### 

Representative embryos labeled with *lacZ* gradient width associated with **(A/B)** symmetric and **(C/D)** asymmetric *lacZ* gradients. Red line indicates end of *lacZ* gradient. Multiple red lines indicate the width of the lacZ gradient at a particular anterior-posterior axis length.

(PDF)

###### 

Click here for additional data file.

###### Predicted secondary structure of the active and inactive ribozymes.

The point mutation resulting in loss of self-cleavage is highlighted in red.

(PDF)

###### 

Click here for additional data file.

###### The fluorescence intensity at various positions of the embryo.

A domain width of zero indicates the anterior pole and increasing values indicate a position closer to the posterior.

(PDF)

###### 

Click here for additional data file.

###### Transfection conditions used for 35mm plates and 24-well plates.

(DOCX)

###### 

Click here for additional data file.

###### List of total fold-reduction of gene expression and fold-reduction of gene expression due to ribozyme cleavage from the mammalian cell and *Drosophila* experiments.

Related to [Fig 2A and 2C](#pone.0232046.g002){ref-type="fig"} and [Fig 3F and 3H](#pone.0232046.g003){ref-type="fig"}.

(XLSX)

###### 

Click here for additional data file.

###### DNA constructs and fly lines used in this work.

(XLSX)

###### 

Click here for additional data file.

###### In-depth protocol for measuring fluorescence intensity of *Drosophila* embryos.

(DOCX)

###### 

Click here for additional data file.
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